Abstract
Introduction
The rapid emergence of spatial patterns, and of tissues and organs, out of a single fertilized egg has fascinated biologists for centuries. It is therefore not surprising that experiments that aim to identify the precursor cells of anatomical structures have been central to developmental biology ever since it became clear in the 19 th century that all cells arise from pre-existing cells. Early lineage tracing studies based on continuous observation of cell divisions under the microscope have yielded remarkable fate maps, but direct observation of cell cleavages was mostly limited to invertebrate species and to early developmental stages [1] . To overcome this limitation and extend the accessible time window, researchers turned to experimental manipulation of embryos such as dye injections and grafting of cells with different pigmentation [2] . Since then, lineage tracing has become a diverse field that includes a number of very different approaches, such as live imaging by light sheet microscopy, genetic switches that provide optical readouts of specific lineage decisions, and sequencing of somatic mutations or DNA barcodes.
Lineage tracing is now a powerful method in different fields of biology. This includes developmental biology, where it is used to understand the molecular mechanisms underlying cell fate decisions and their misregulation in congenital disease, as well as studies of regeneration and tissue homeostasis, where the origin of newly created cells is often a central question. Furthermore, lineage tracing is important in various aspects of medicine. The most well-known example is cancer biology, where lineage tracing is used to find the cell type of origin for specific cancer types and to identify which cells contribute to growth and spread of tumors. Another very interesting example is wound healing after injury in cutaneous tissues, where the extent of scar formation has been linked to the developmental origin of fibroblasts [3] .
A shared characteristic between all of these questions is that they focus on time as an experimental parameter by aiming to identify the hidden source of events such as formation of an organ in the embryo or generation of a tumor in the adult body. Since most experimental techniques used in molecular biology yield snapshot data in which temporal information is lost, and since direct and continuous observation of cell divisions is neither feasible nor practical in most cases, approaches for recording and reading information about individual cell fate decisions have become important tools in biology. In this review article, we discuss and compare current lineage tracing approaches, with a particular emphasis on emerging techniques for massively parallel lineage tracing on an organism-wide level.
Optical lineage tracing
Since the earliest fate mapping experiments, the two main strategies for lineage tracing have been approaches using either direct continuous observation of cell divisions, or labeling of cells for later analysis (Figure 1 ). The pinnacle of non-invasive lineage tracing probably consists of the famous study of the C. elegans lineage tree by John Sulston and coworkers [4] . Using differential interference contrast microscopy, they observed and videotaped all cell cleavages from the one-cell stage to the adult worm. This study established that C. elegans has an almost invariant lineage. Sulston's experiments have had a profound influence on how we think about lineage and its connection to cell fate decisions, even though lineage trees in higher organisms are more variable than in C. elegans. In a way, all method development in lineage tracing over the last 30 years was aimed at achieving lineage trees of the same quality, i.e. a complete history of all cell fate decisions, in other organisms. Technological advances in optical microscopy, in particular light sheet microscopy, have in recent years enabled live fluorescence microscopy of Drosophila and zebrafish development [5, 6] (Figure 2A ). In combination with computational approaches for analyzing the movements and divisions of single cells, such data allows generation of a digital embryo with information about positions, sizes and fluorescence intensities of nuclei over time. However, while such experiments are extremely powerful for studying general properties of development such as patterns of cell movement, they are mostly limited to relatively early developmental stages in selected species.
An alternative strategy to deal with the complexity of vertebrate lineages is to apply optical labels to specific cells (reviewed in [7] ). This approach is exemplified by Charles Kimmel's dye injection experiments in the zebrafish [8] . These studies showed that the position of cells at the beginning of gastrulation is the main determinant of their future cell type. Dye injection experiments allow for clonal analysis in wildtype organisms, but are restricted to relatively short time spans and provide only limited control about the number and identity of the cells that are labeled. These challenges were solved with the development of reporter transgenes such as β-galactosidase or green fluorescent protein (GFP), which enabled stable long-term labeling of cells and their progeny by e.g. retroviral infection [9, 10] . Currently the most popular approach for lineage tracing by cell labeling is to use genetic recombination. Genetic recombination by means of the Cre/lox or Flp/FRT system provides exquisite control by enabling cell-type and stage specific labeling of cells [11] . The general strategy of this approach is to express Cre-recombinase under the control of a cell-type specific or inducible promoter. This leads to excision of a transcriptional roadblock (loxP-STOP-loxP) enabling specific expression of a reporter gene in the desired cells and their progeny ( Figure 2B ). The fact that cell labeling can be performed in a cell type dependent manner has turned Cre/lox lineage tracing into the preferred approach for adult tissue stem cells in e.g. the intestine or skin [12, 13] . An important consideration when using optical markers for specific cells is that labeling has to be sufficiently sparse to distinguish individual clones. Furthermore, cross-sectional approaches combining Flp and Cre (or Dre and splitCre) can greatly enhance the specificity of targeting. In many biological applications, for instance for identification of cancer cells of origin, it is important to combine lineage analysis with functional manipulation of cells. Mosaic analysis with double markers (MADM) achieves simultaneous cell labeling and gene knockout by Cre-mediated interchromosomal recombination resulting in expression of two fluorescent markers (e.g. GFP and RFP) that mark wildtype and mutant cells, respectively [14] .
Using fluorophores with different spectral properties, as exemplified in brainbow [15, 16] , where cells randomly choose one out of several colors, increases the multiplexing capacity. In a landmark paper by the Clevers lab, the 4-color Confetti mouse was used to study patterns of stem cell self-renewal in tissue homeostasis in the intestine [17] . Short-term lineage tracing of sparsely labeled intestinal stem cells revealed their capacity for symmetric divisions expanding the stem cell population. Complementary long-term lineage tracing experiments in densely labeled animals showed that intestinal crypts undergo neutral drift towards clonality, with one clone eventually taking over the entire crypt. Other studies have used multicolor transgenes to study organ development [18] and tissue regeneration [19] .
Sequence-based lineage tracing
A promising strategy for overcoming the limitations imposed by the small number of spectrally distinct genetically encoded fluorophores is to make use of the enormous multiplexing capacity of DNA for lineage tracing. Similar to optical lineage tracing, the different sequence-based approaches can be categorized into invasive and non-invasive methods (Figure 1 ).
In theory, naturally occurring somatic mutations (such as single nucleotide variants or copy number variations) are powerful lineage markers that can be read by sequencing (reviewed in [20] ). In contrast to genetic recombination techniques, lineage tracing by somatic mutations is not limited to specific labeling times but allows reconstruction of full lineage trees ( Figure 2C ). Since lineage tracing by somatic mutations is non-invasive and does not require continuous observation, it is ideally suited for studying human samples. In an early study, the clonal origin of colonic adenomas was studied in an X0/XY mosaic individual with sequence probes for the Y chromosome [21] . Since then, many other studies have focused on analyzing clonality and lineage relationships in human tumors, where genomic aberrations are abundant [22] [23] [24] . In the last few years, pioneering studies have started to apply this strategy to early embryonic lineage decisions. In organoids derived from single mouse cells [25] and in human blood samples analyzed in bulk [26] , analysis of somatic mutations allowed reconstruction of early embryonic lineage trees. In a recent landmark paper published by the Walsh lab, the authors placed neurons from post-mortem human brains in a developmental lineage tree after whole genome amplification and sequencing of single cells [27] . However, general applicability of this approach is currently hampered by the high cost of sequencing the whole genome of large numbers of single cells, and by the more fundamental challenge that the rate of somatic mutations may be too slow for lineage tracing in healthy tissues, in particular in those that have a high turnover such as skin or intestine. To some degree this obstacle can be overcome by targeted sequencing of mutation hotspots. Specifically, microsatellite repeats have been used successfully for lineage tracing [28, 29] . As an alternative, a recent study used DNA hydroxymethylation for lineage tracing at the four-cell stage of mouse embryogenesis [30] . In theory, DNA methylation could be employed for lineage tracing beyond two cell divisions [31] .
While the approaches discussed above are ideally suited for human samples, for model organisms, lineage tracing techniques that are based on experimental manipulation are typically the better choice due to the higher degree of control. Soon after the emergence of virus-induced optical cell labeling with β-galactosidase or GFP, researchers realized that introduction of DNA barcodes would allow a massive gain in multiplexing capacity ( Figure 2D ) [32, 33] . The power of this approach increased with the emergence of high-throughput sequencing and has gained particular prominence for studying the hematopoietic system [34-36], where cells can be transfected ex vivo and then transplanted back into the animal. In the hematopoietic system, it is likely that clonal dynamics change upon transplantation of stem and progenitor cells. To study native unperturbed hematopoiesis, Fernando Camargo and coworkers developed a method that uses the integration sites of a DNA transposon as lineage markers [37] and observed that steady-state hematopoiesis is driven by a large number of multi-potent precursors, whereas earlier transplantation studies found dominant contributions by a smaller number of hematopoietic stem cells. Another recent method, termed Polylox barcoding [38], avoids transplantation by using a synthetic recombination cassette consisting of ten loxP sites in alternating orientations, separated by unique spacer sequences. Upon activation of Cre recombinase, fragments get excised or inverted, which leads to generation of a high diversity of potential sequences. An intriguing future possibility is to modify the Polylox cassette in such a way that the full information about the sequence of editing events is encoded in the final pattern of excisions and inversions encodes, enabling reconstruction of complete lineage trees. Such synthetic recording systems have recently been successfully demonstrated in E. coli [39] .
Novel experimental and computational approaches
The experimental lineage tracing approaches discussed in the previous paragraph have allowed a massive increase in labeling complexity, enabling analysis of a much larger number of clones per animal than would be possible with optical readouts. However, all of these methods are currently limited to labeling at a single time point, which has precluded reconstruction of full lineage trees. Current efforts that repurpose the CRISPR/Cas9 system for lineage tracing [40] [41] [42] [43] aim to address this issue. The basic idea of CRISPR/Cas9 lineage tracing is to use Cas9 to create deletions or insertions in transgenic target sites in the genome and to use the resulting sequence modifications as lineage barcodes. The cellular DNA repair machinery has the capacity to create a high diversity of lineage barcodes by non-homologous end-joining, and the sequence complexity can be increased even further by using e.g. selftargeting sgRNAs [44, 45] .
There are different implementations of this approach ( Figure 3A-C) . In GESTALT [40] , the authors generated a new transgenic zebrafish line with synthetic concatemerized target sites in the 3' UTR of a GFP transgene, while alternative approaches (scartrace or LINNAEUS) use existing lines with multiple integrations of a transgene [41] . Injection of Cas9 and sgRNA into the zebrafish zygote led to successive accumulation of scar sequences until gastrulation stages. The Quake lab recently used a similar strategy in C. elegans [43] . These approaches have so far only been published for bulk material, but several manuscripts that report simultaneous lineage tracing and cell type identification in single cells from dissociated zebrafish have recently become available as preprints [46, 47] . The MEMOIR technique [42] is based on a similar construct as in GESTALT, but with multiple integrations per cell. Collapse of the target sites is read by single-molecule FISH instead of sequencing. MEMOIR can read out lineage markers and expression of selected genes on the single cell level while retaining full spatial information, although this has so far only been demonstrated in cell culture.
All sequence-based lineage tracing approaches rely heavily on computational methods to handle the high complexity of the data and to correct limited diversity or biased frequency distributions of barcodes. Reconstruction of lineage trees from sequence barcodes is an emerging field. Methods such as maximum parsimony [48] and neighbor-joining [49] have been used for GESTALT and MEMOIR, respectively, but it will certainly be possible to use other tree building methods such as maximum likelihood methods [50] or Bayesian inference [51] as well. For proper adaptation of these techniques, it will be important to find ways to implement experiment-specific factors such as differential scar probabilities in CRISPR/Cas9 lineage tracing and loss of information due to dropout events in single-cell sequencing [46] .
Outlook
Simultaneous lineage tracing and cell type identification in thousands of single cells is now becoming a reality. Beyond this important milestone, the next important experimental challenge lies in ensuring that full lineage information, i.e. every cell division, is recorded reliably, which will require a larger capacity of the molecular recorder than currently available. Furthermore, it will be informative to complement lineage tracing with molecular recording of cellular exposure to specific signaling factors that influence cell fate decisions. It has become clear in recent years that transposons, Cre/lox and Cas9 can be successfully used for recording lineage information in the genome, and it will be interesting to see if other and potentially more powerful biological systems such as the CRISPR spacer acquisition system of Cas1 and Cas2 [52, 53] can also be successfully repurposed for lineage tracing in multicellular organisms. The authors generated a transgenic mouse with a cassette of loxP sites. Upon activation of Cre, excision and inversion of the spacer sequences produces a large diversity of barcodes that can be used for clonal analysis. GESTALT uses the same principle, but a new line with concatemerized target sites is used. Compared to scartrace/LINNAEUS, this has the advantage that the individual sites (different colors) can be distinguished. Furthermore, even in bulk data the information which scars were in the same cells is preserved. A downside is that some target sites get lost due to excision events (here, the light blue target site), reducing the available lineage information. C. MEMOIR uses multiple integrations of concatemerized target sites ("scratchpad", gray) that can be distinguished via barcodes (colored bars). Collapse of the scratchpad is visualized by smFISH, preserving spatial information. However, lineage information capacity is lower than in scartrace/LINNAEUS or GESTALT since the exact sequence of the collapsed scratchpad is not detectable by microscopy.
